INTRODUCTION
Ras proteins oscillate between inactive GDP-bound and active GTP-bound states to regulate cell survival and proliferation. Three isoforms of Ras are ubiquitously expressed in human cells: K-Ras, H-Ras, and N-Ras, of which K-Ras and N-Ras are frequently mutated in human cancers (Prior et al., 2012) . Ras proteins contain near identical G-domains that bind guanine nucleotides and interact with a common set of activators and effectors but have divergent C-terminal hypervariable regions (Hancock, 2003) . For biological activity, Ras proteins must localize to the plasma membrane (PM). A Ras PM anchor consists of two components: a C-terminal S-farnesyl cysteine carboxylmethyl ester, common to all isoforms; and a second signal that comprises mono-palmitoylation of N-Ras, duo-palmitoylation of H-Ras and a polybasic domain (PBD) of six contiguous lysines in K-Ras4B, the predominantly expressed splice variant of K-Ras, hereafter referred to as K-Ras (Hancock et al., 1989 (Hancock et al., , 1990 ).
On the PM, Ras proteins diffuse laterally as monomers and dimers and assemble into higher order oligomers and nanoclusters (Muratcioglu et al., 2015; Nan et al., 2015; Plowman et al., 2005; Zhou and Hancock, 2015) . H-Ras, N-Ras, and K-Ras nanoclusters are spatially non-overlapping as are GTP-and GDP-loaded Ras nanoclusters (Abankwa et al., 2008 (Abankwa et al., , 2010 Gorfe et al., 2007a Gorfe et al., , 2007b Gü ldenhaupt et al., 2012; Kapoor et al., 2012; Prior et al., 2003a; Weise et al., 2011; Zhou et al., 2014) . A nanocluster contains approximately six Ras proteins, has a radius of $9 nm (Plowman et al., 2005) , and a lifetime of <1 s (Murakoshi et al., 2004; Plowman et al., 2005) . Ras nanoclusters are platforms for effector binding and signal transmission (Hancock, 2003; Plowman et al., 2005; Tian et al., 2007) . The recruitment and activation of RAF, MEK, and ERK within nanoclusters results in key emergent properties including high fidelity and low noise signal transmission within the Rasmitogen-activated protein kinase (MAPK) signaling circuit (Kholodenko et al., 2010; Tian et al., 2007) .
K-Ras localization to and spatial distribution on the PM are determined by the C-terminal farnesyl anchor and PBD (Hancock et al., 1989 (Hancock et al., , 1990 . Many other small GTPases contain PBDs, each with a specific sequence of arginines and lysines adjacent to a prenyl anchor; PBDs are also commonly found in other PM-interacting proteins. The presumption has been that all these PBDs are functionally identical and mediate non-specific electrostatic interactions with anionic phospholipids that are asymmetrically concentrated in the inner leaflet of the PM (Plowman et al., 2008) . However, K-Ras nanoclusters contain a high level of monovalent phosphatidylserine (PtdSer) and phosphatidic acid but little multivalent phosphoinositol 4,5-bisphosphate (PIP 2 ) (Cho et al., 2015; Zhou et al., 2014) , suggesting that PBD interactions may not simply reflect electrostatics. Here, we now decode cryptic structural and dynamic features of the K-Ras membrane anchor that define exquisite specificity for highly selected PM anionic phospholipids.
RESULTS

K-Ras PM Localization and Nanoclustering Requires Specific PtdSer Acyl Chain Structures
The K-Ras PBD interacts with anionic lipids for PM localization and lateral segregation. Electron microscopy (EM) spatial mapping experiments show that K-Ras nanoclusters are enriched in PtdSer but not PIP 2 (Zhou et al., 2014) . Depleting PM PtdSer causes loss of K-Ras from the PM and reduced nanoclustering (Cho et al., 2015; Zhou et al., 2014) . Conversely enhancing PM PtdSer clustering by depolarizing the PM enhances K-Ras clustering . These results suggest that the K-Ras anchor might selectively interact with specific anionic lipids by recognizing more than just charged lipid head groups. To test this, we examined whether K-Ras discriminates between PtdSer with different acyl chain structures. We reduced PM PtdSer content by treating baby hamster kidney (BHK) cells with R-Fendiline for 24 hr (Cho et al., 2015; van der Hoeven et al., 2013) and then added-back defined species of exogenous PtdSer including natural brain PtdSer, synthetic fully saturated di18:0 PtdSer, monounsaturated di18:1 PtdSer, di-unsaturated di18:2 PtdSer, and asymmetric 16:0/18:1 PtdSer or 18:0/18:1 PtdSer. To verify that each PtdSer species was delivered to the inner PM leaflet, we monitored the localization of GFP-LactC2, a specific PtdSer binding probe (Yeung et al., 2008) . PM sheets were prepared from BHK cells expressing GFP-LactC2 and labeled with anti-GFP coupled to 4.5 nm gold particles and imaged by EM. The number of gold particles per 1 mm 2 was used as a measure of PtdSer level. Fendiline treatment markedly reduced PtdSer PM content, which was restored to control levels by all PtdSer lipids (Figures 1A and S1) . Because LactC2 interacts with the PtdSer head group, all exogenous PtdSer lipids were efficiently incorporated into the inner leaflet of the PM. Lipidomic analysis confirmed minimal acyl chain remodeling of the exogenous PtdSer lipids over the time course of the experiment ( Figure S2H) . Identical experiments were then carried out in fendiline-treated cells expressing GFP-K-RasG12V, the constitutively GTP-bound oncogenic mutant of K-Ras. Add-back of fully saturated di18:0 PtdSer did not recover GFP-K-RasG12V PM localization whereas add-back of other symmetric unsaturated and asymmetric PtdSer lipids successfully recovered GFP-K-RasG12V PM localization ( Figure 1B ). K-RasG12V nanoclustering was evaluated by spatial statistics to analyze the immunogold point patterns (Figures S1A-S1D), with the maximum value of the univariate K-function, L max used to quantify the extent of clustering. However, other summary parameters yield identical conclusions ( Figure S2 ). Fendiline treatment markedly disrupted K-RasG12V nanoclustering on the PM as evidenced by a significant reduction in L max from control ( Figure 1C ). Strikingly, however, only PtdSer lipids with asymmetric acyl chains, such as natural brain PtdSer, a mixture but with 18:0/18:1 PtdSer as the main component, synthetic 16:0/18:1 PtdSer, or 18:0/18:1 PtdSer, fully recovered K-RasG12V nanoclustering ( Figure 1C ). PtdSer addback experiments in PSA3 cells that had PM PtdSer levels reduced by growth in ethanolamine-depleted serum (Lee et al., 2012; Zhou et al., 2014) yielded identical results to those in fendiline-treated cells ( Figures S2D-S2F ).
We next analyzed co-localization between PtdSer and K-RasG12V after lipid add-back. PM sheets from BHK cells co-expressing GFP-LactC2 and RFP-K-RasG12V were colabeled with 6 nm and 2 nm gold particles coupled to anti-GFP and anti-RFP, respectively, and the gold particle distributions quantified with bivariate K-functions (L biv (r)-r) (Figures S1E-S1H). We use a defined integral of the L biv (r)-r function termed L biv -integrated (LBI) as a summary parameter (Zhou et al., 2014 . The larger the LBI value, the more extensive the co-localization of the 2 nm and 6 nm gold patterns.
The extensive co-clustering of GFP-LactC2 with RFP-KRasG12V was markedly reduced after fendiline treatment, as reflected by a significant reduction in the LBI value ( Figure 1D ). Add-back of brain PtdSer, 16:0/18:1 PtdSer, or 18:0/18:1 PtdSer significantly enhanced co-localization between PtdSer and K-RasG12V, while di18:0 PtdSer, di18:1 PtdSer, or di18:2 PtdSer did not ( Figure 1D ). Taken together, these data show that the K-Ras anchor is unable to interact with fully saturated PtdSer on the PM, can interact with symmetric mono-and diunsaturated PtdSer to support PM binding, but can only assemble PtdSer with asymmetric acyl chains into nanoclusters. Further interrogation of the univariate point patterns also showed K-Ras anchored by symmetric di-unsaturated PtdSer present as monomers and dimers, with few higher order oligomers, whereas asymmetric PtdSer enhanced the formation of higher order oligomers (Figures 1E and S2C) . This selective role of asymmetric PtdSer was also evident in the ability of K-RasG12V to recruit CRAF to the PM, a functional assay of nanocluster assembly (Plowman et al., 2008; Tian et al., 2007) . In EM and fluorescence lifetime imaging microscopy (FLIM) experiments, GFP-K-RasG12V and RFP-CRAF co-clustering on the PM that was reduced by fendiline treatment could only be restored by add back of brain PtdSer or asymmetric 16:0/18:1 PtdSer ( Figures 1F and S2G ).
PBD Sequence and Prenyl Anchor Define Lipid Selectivity
The selectivity of the K-Ras PM anchor for specific PtdSer lipids indicates that the PBD is more than a charge detector. To investigate this selectivity, we generated a set of single point mutations to reduce the net charge of the K-RasG12V PBD by 1: the mutations scanned through the PBD from K175 to K180 sequentially replacing each lysine with an uncharged glutamine. The lipid composition of nanoclusters formed by the PBD mutants was evaluated by bivariate EM spatial mapping. Each RFP-KRasG12V PBD mutant was sequentially co-expressed with a set of lipid binding probes for PtdSer (GFP-LactC2), PIP 2 (GFP-PH-PLCd), phosphoinositol 3,4,5-triphosphate (PIP 3 ) (GFP-PHAkt), phosphatidic acid (GFP-Spo20), and cholesterol (GFP-D4H) (Maekawa and Fairn, 2015) . Figure 2A shows the results as a heatmap matrix of LBI values centered on the K-RasG12V control. Each K-RasG12V PBD mutant generates nanoclusters with a different lipid composition, despite having the same net PBD charge. A similar profile was generated from fluorescence resonance energy transfer (FRET) efficiencies measured in FLIM experiments using the same probes ( Figures S3F-S3I ). We also used FLIM to directly measure the interaction of each RFP-K-RasG12V PBD mutant with fluorescently labeled TopFluor-PtdSer (PtdSer) that is effectively asymmetric having one saturated (C16 palmitoyl) chain and one acyl chain containing a BODIPY moiety. FRET efficiencies followed the same trend as the corresponding LactC2 LBI values ( Figure S3J ). Phosphorylation of Ser181 by protein kinase C (PKC) (Bivona et al., 2006) or protein kinase G (PKG) (Cho et al., 2016) also reduces the net charge on the K-Ras PBD. We therefore conducted lipid mapping of RFP-K-RasG12V nanoclusters after acute activation of PKG. EM-bivariate ( Figure 2A ) and FLIM-FRET ( Figure 2J ) analyses show that phosphorylation of Ser181 (181-phos) significantly changed nanocluster lipid content, reducing PtdSer and increasing PIP 2 .
To explore if the prenyl group contributes to lipid-sorting specificity, we mutated the K-Ras CAAX box from CVIM to CCIL, which directs geranylgeranylation (GG) rather than farnesylation (Hancock et al., 1991) . The lipid composition of geranylgeranylated K-RasG12V (K-RasG12V-GG) nanoclusters was strikingly different from farnesylated K-RasG12V ( Figure 2A ). Next, we replaced all six lysines of the PBD with arginines to generate K-RasG12V-6R. Because lysine and arginine carry the same net charge, a PBD of 6R should not significantly alter pure electrostatic interactions. Nevertheless, K-RasG12V-6R nanoclusters were treated with vehicle (DMSO) or 10 mM fendiline (Fend) for 24 hr before incubation with exogenous PtdSer lipids for 1 hr. Intact PM sheets were fixed, labeled with 4.5 nm gold-anti-GFP, and imaged by EM. PtdSer and K-RasG12V content, respectively, of the inner PM leaflet is quantified as the number of gold particles per 1 mm 2 and shown as mean ± SEM (n R 15 for each condition). Significant differences between fendiline-treated cells with and without PtdSer add-back were evaluated by one-way ANOVA (*p < 0.05).
(C) The gold point patterns from (B) were analyzed with univariate K-functions expressed as L(r)-r. The extent of GFP-K-RasG12V nanoclustering is quantified by the peak value L max of the L(r)-r curve ( Figure S1 ). The results are mean ± SEM (n R 15 for each condition). Statistical significance of differences between fendiline-treated cells with and without PtdSer add-back were evaluated in bootstrap tests (*p < 0.05).
(D) BHK cells co-expressing GFP-LactC2 and RFP-K-RasG12V were treated with vehicle (DMSO) or 10 mM fendiline for 24 hr and incubated with exogenous PtdSer for 1 hr. Intact PM sheets were labeled with 6 nm gold-anti-GFP and 2 nm gold-anti-RFP and imaged by EM. Co-localization of the two populations of gold particles and hence of LactC2 (PtdSer) and K-RasG12V was analyzed by integrated bivariate K-functions (= LBI) ( Figure S1 ). Statistical significance of differences between fendiline-treated cells with and without PtdSer add-back were evaluated in bootstrap tests (*p < 0.05).
(E) A local L(r)-r analysis at r = 15 nm was used estimate to relative proportions of monomers, dimers, and higher order oligomers (nanoclusters) in the GFP-KRasG12V gold PM point patterns in (B) and (C). Significant differences between fendiline-treated cells with and without PtdSer add-back were evaluated by oneway ANOVA (*p < 0.05).
(F) BHK cells co-expressing GFP-K-RasG12V and RFP-CRAF were treated with vehicle (DMSO) or 10 mM fendiline for 24 hr before 1 hr incubation with exogenous PtdSer. PM sheets from the cells were labeled with 6 nm gold-anti-GFP and 2 nm gold-anti-RFP and imaged by EM. The extent of co-clustering between K-RasG12V and CRAF was analyzed by integrated bivariate K-functions (= LBI). The results are mean ± SEM (n R 15 for each condition). Statistical significance between fendiline-treated cells with and without PtdSer add-back were evaluated in bootstrap tests (*p < 0.05). See also Figures had a distinct lipid composition with a significant enrichment of PtdSer and cholesterol compared to K-RasG12V with a wild-type 6K PBD . Finally, we generated a K-RasG12V construct with both a 6R PBD and a GG prenyl group. The lipid composition of K-RasG12V-6R-GG nanoclusters was distinct from that of K-RasG12V-6R and K-RasG12V-GG (Figure 2A ). Taken together, these results show that each distinct PBD sequence exhibits lipid-sorting specificity, and the complete anchor defines a combinatorial code where the prenyl group modulates the lipid selectivity of the precise PBD sequence. To explore the potential role of conformational changes in the G-domain on lipid interactions of the anchor, we examined wild-type RFP-K-Ras, which in serum-starved cells is >94% GDP loaded. The LBI heatmap (Figure 2A) shows that nanoclusters of GDP-loaded wild-type K-Ras have a different lipid composition from constitutively GTP-bound K-RasG12V.
Validation of Altered Lipid Sorting of Selected PBD Mutants Nanoclusters of K-RasG12V-K177Q and K-RasG12V-K178Q were relatively depleted of PtdSer but enriched with PIP 2 (Figure 2A) . One interpretation of this change in lipid content is that the mutations reduce the affinity of the anchor for PtdSer; if so, then the overall PM interactions of these mutants should phenocopy the behavior of the wild-type anchor in cells under conditions of PtdSer depletion. Univariate EM-spatial mapping confirmed this prediction. The extent of inner PM gold labeling for GFP-K-RasG12V-K177Q or GFP-K-RasG12V-K178Q was significantly lower than GFP-K-RasG12V ( Figure 2B ), observations sustained by confocal imaging of MDCK cells stably expressing the same proteins ( Figures 2D and 2G ).
GFP-K-RasG12V-K177Q or GFP-K-RasG12V-K178Q also had significantly lower L max values indicating reduced nanoclustering ( Figure 2C ). Conversely and concordant with an increased affinity for PtdSer, K-RasG12V-6R exhibited significantly enhanced nanoclustering compared to K-RasG12V ( Figure 2C ). FLIM-FRET assays in intact BHK cells also revealed changes in FRET efficiency that are entirely consistent with the EM L max values ( Figures 2E and 2F) . We evaluated the ''switched'' lipid specificity of K-RasG12V-K177Q or K178Q from PtdSer to PIP 2 in lipid add-back experiments. PM localization and nanoclustering of K-RasG12V was enhanced by exogenous PtdSer but not PIP 2 ( Figures 2H and 2I ), whereas PM localization and nanoclustering of K-RasG12V-K177Q and K-RasG12V-K178Q was enhanced by exogenous PIP 2 but not PtdSer ( Figures 2H  and 2I ). Efficient incorporation of PIP 2 into the inner PM leaflet by this protocol was validated in previous studies (Cho et al., 2015; . Finally, we examined the isolated K-Ras anchor, RFP-tK, with and without PBD single mutations. Each RFP-tK PBD mutant matched the cognate full-length K-RasG12V PBD mutant in terms of relative affinity for PtdSer and PIP 2 in EM ( Figures 3A and 3B ) and FLIM-FRET assays ( Figures 3C and 3D ). Moreover, replacing the farnesyl group to generate RFP-tK-GG, or phosphorylating the RFP-tK anchor by activating PKG, induced similar changes in PtdSer and PIP 2 interactions as in full-length K-RasG12V ( Figures 3A-3D ).
Structural Dynamics of the K-Ras Anchor on Membrane
The lipid mapping data suggest a combinatorial lipid sorting code defined by the prenyl anchor and PBD sequence. The simplest realization of this code would be each PBD sequence and prenyl combination adopting a unique structure or dynamics that impacts interaction with lipids. To directly explore this Figures S3K-S3N ). Co-expression of the LactC2 domain also had no effect on K-RasG12V signaling ( Figures S3L and S3M ).
(B) PM sheets from BHK cells expressing each GFP-K-RasG12V PBD mutant were labeled with anti-GFP-4.5 nm gold and imaged by EM. Localization to the inner PM was quantified as the number of gold particles per 1 mm 2 and is shown as mean ± SEM (n R 15 for each condition). Significant differences from control were evaluated by one-way ANOVA (*p < 0.05).
(C) The gold point patterns from (B) were analyzed for the extent of GFP-K-RasG12V nanoclustering as in Figure 1C . The results show mean L max values ± SEM (n R 15 for each condition). Significant differences between control and each mutant were evaluated in bootstrap tests (*p < 0.05).
(D) MDCK cells stably expressing each GFP-K-RasG12V PBD mutant were imaged by confocal microscopy. Fractional cytosolic mislocalization (mean ± SEM of >15 images) was estimated with a custom ImageJ algorithm. Statistical significance was evaluated by one-way ANOVA (*p < 0.05).
(E) BHK cells co-expressing GFP-K-RasG12V and RFP-K-RasG12V PBD mutants were imaged in a FLIM microscope to measure GFP fluorescence lifetime and mean FRET efficiency ± SEM (n R 50 cells for each condition) calculated. Significant differences were evaluated by one-way ANOVA (*p < 0.05). and is shown as mean ± SEM (n R 15 for each condition). Significant differences between cells with and without lipid add-back were evaluated by one-way ANOVA (*p < 0.05).
(I) Gold point patterns from (H) were analyzed for the extent of nanoclustering. The results show mean L max values ± SEM (n R 15 for each condition). Bootstrap tests were used to evaluate statistical significance of differences induced by lipid supplementation (*p < 0.001).
(J) Co-localization between PtdSer (GFP-LactC2) or PIP 2 (GFP-PH-PLCd) and RFP-K-RasG12V was tested in a FLIM experiment as in (A) before and after treatment with 500 mM cGMP for 15 min to activate PKG and phosphorylate S181 in the PBD. See also Figure S3 .
hypothesis, we conducted microsecond-level all-atom molecular dynamics (MD) simulations of tK, the minimal membrane anchoring domain of K-Ras, on a bilayer composed of 80% POPC (16:0/18:1 PC) and 20% POPS (16:0/18:1 PS). Analysis of the C a atom root-mean-square deviation (RMSD) of residues 177-182 ( Figure 4A ) suggested that the peptide samples at least three structural forms: disordered conformations with no secondary structure (D) and semi-ordered conformations with one or two helical turns referred to as intermediate (I) and ordered (O) ( Figure 4B ). Although 1 ms-long conventional MD (cMD) was not expected to sample multiple inter-state transitions, two of the four peptides visited more than one state. Moreover, we obtained a similar distribution of conformers when sampling was doubled to an aggregate length of 8 ms by including tK extracted from cMD of full-length K-Ras (Prakash et al., 2016) (Figure S4A) . The existence of three conformational states is also supported by a 2D free energy surface derived from metadynamics (metaMD), an enhanced sampling method used to calculate free energy profile in a variety of systems including peptidemembrane complexes (Cui et al., 2011; Deighan and Pfaendtner, 2013) . The challenge of metaMD convergence for peptidebilayer systems has been discussed previously (Cui et al., 2011) . After testing various reaction coordinates and sampling approaches (see the STAR Methods) we found that metaMD (A and B) PM sheets of BHK cells co-expressing each RFP-tK PBD K / Q point mutant, RFP-tK-GG, or phosphorylated RFP-tK with GFP-LactC2 (A) or GFP-PH-PLCd (B) were assayed for coclustering using EM and bivariate analysis (n R 15 for each condition) exactly as in Figure 2C to evaluate interaction with PtdSer (LactC2) and PIP 2 (PHPLCd).
(C and D) BHK cells co-expressing the same set of RFP-tK mutants with GFP-LactC2 (C) or GFP-PHPLCd (D) were imaged in a FLIM microscope to measure GFP fluorescence lifetime and mean FRET efficiency ± SEM (n R 60 cells for each condition) calculated. Statistical significance of differences from GFP-tK was evaluated by oneway ANOVA (*p < 0.05).
along two collective variables (CVs), endto-end distance, and RMSD, converged fairly well ( Figures S4B and S4C ). The resulting free energy surface also compares very well with that derived from the 8 ms cMD data. We therefore used the metaMD PMF to estimate the free energy difference between states O and D and obtained a relatively small DG = À2.5 kcal/mol. To check if the conformational space sampled by cMD represents a reasonable estimate of the underlying free energy surface, we Boltzmann-inverted the probability distribution shown in Figure 4A assuming that a single peptide simulated for a longer duration would sample the same phase space as the four peptides. The resulting energy versus RMSD plot overlaps surprisingly well with that from the metaMD-derived 1D PMF ( Figure 4A ). Combining this observation (namely: tK samples the three states in the unbiased simulation nearly as well as the biased one) with the relatively small apparent barriers between the states (Figure 4A) , we conclude that the three conformations we observe represent inter-converting equilibrium states. We therefore hypothesized that small changes in the PBD sequence or membrane composition would be expected to alter their relative populations. We then conducted a detailed structural analysis of the cMD data to examine the potential link between conformation and lipid interaction. As shown in Figure 4A , $64% of the total tK conformations sampled the D state whereas the remaining 35% are in the I (29%) or O (6%) state. These structure groups differed in their hydrogen bonding interactions with PtdSer (Figure 4C) and in the contribution of individual residues to membrane binding via hydrogen bonding with PtdSer and PC lipids ( Figures 4D and 4E ). For instance, K177 interacts with PtdSer in the I and D states but not in the O state, K178 interacts similarly in all three ( Figure 4D ). Therefore, contrary to common assumptions, the backbone of membrane-bound tK is not completely disordered; rather it adopts a few relatively well-defined dynamic structures including a combined 35% of structures with a helical content. The different structures in turn dictate the ability of individual Lys side chains to interact with bilayer lipids.
We next simulated, under identical conditions and using both cMD and metaMD, the K177Q (tK-K177Q) and K178Q (tK-K178Q) point mutants, tK phosphorylated at S181 (181-Phos), and tK with the farnesyl replaced by geranylgeranyl (tK-GG). As in wild-type tK, the PMFs of the mutants derived from cMD and metaMD are very similar ( Figures 4A and S4C ). Both show that the free energy profile is different among these mutants, as is the DG between the different states. For example, for K177Q and K178Q the free energy difference between O and D is small (À0.6 and À2 kcal/mol, respectively) whereas D is significantly more stable in 181-Phos and tK-GG (DG = À4.9 and À2.9 kcal/mol). The similarities of the 1D PMFs from cMD and metaD suggest that the two methods sampled the major conformational states in similar ratios, which justifies the use of the unbiased cMD data for a closer look at peptide-lipid atomic interactions.
From the probability distributions in Figure 4A , it is clear that the mutations K177Q and K178Q significantly increased the population of ordered conformers (from 6% in the WT to 42% and 25% in K177Q and K178Q, respectively). The individual side chains of tK-K177Q and tK-K178Q interacting with the bilayer were also altered ( Figures 4D-4F ). In contrast, 181-Phos and tK-GG shifted the population toward the D state ( Figure 4A ) and again modulated side chain interactions with the bilayer (Figures 4D-4F ). In general, the N-terminal half of the PBD preferentially interacts with PtdSer in tK-K177Q and tK-K178Q whereas the C-terminal half of the PBD was favored in tK-181-Phos and tK-GG. Specifically, only residues K177, K180, and K182 interact with PtdSer in tK-GG and tK-181Phos whereas interaction of these peptides with PC is more pronounced than in the other Q mutants ( Figures  4D and 4E ).
The five systems were similar overall in terms of membrane insertion and orientation of the backbone with respect to the membrane plane ( Figure 4F ), but the predominantly D conformations of 181-Phos and especially tK-GG were more peripheral ( Figure 4F ). This is despite both anchors having additional interactions with membrane lipids: in tK-181-Phos the phosphate group accepts a hydrogen bond from the NH 3 moiety of a PtdSer head group ( Figures 5C and S5B ), whereas in tK-GG the extra tail carbons of the longer prenyl group make additional vdW contacts with bilayer lipids ( Figure S5C ). We also observed that for all farnesylated anchors the number of hydrogen bonds with PtdSer progressively increases from the O state to the D state ( Figure 4C ). This suggests that the disordered or open conformation is favored for direct hydrogen bonding interaction with PtdSer over the organized helical conformation, again demonstrating a link between backbone conformation and lipid interaction. At a more global level, the 2D radial pair distribution functions (RDF) show substantial clustering of PtdSer around all the farnesylated anchors but intriguingly less so for tK-GG, as can be seen from the secondary and tertiary peaks in Figures 5A and 5B, and illustrated in Figure 5C . PtdSer represents only 20% of the lipids in the simulation box yet it accounts for 35%-70% of the total number of lipids that are near the farnesylated PBDs ( Figure S5D) , with an average enrichment of $30%
for WT tK, tK-K177Q, and tK-K178Q and $40% for tK-181-Phos. In contrast the PtdSer preference of tK-GG is much smaller with an average enrichment of 10%. In sum, the computational analysis shows that the structure of K-Ras lipid anchor is not random and its binding to anionic membrane is not dictated solely by electrostatic attraction; the interaction of individual side chains with specific lipids varies with the backbone conformation and is modulated by mutation or prenylation. As a result, even mutations that a priori may appear structurally innocuous can have substantial effect on the dynamics of the PBD and its interaction with lipids. These data thus provide a mechanistic insight into the results of the K-Ras lipid mapping experiments in intact PM.
K-Ras Polybasic Domain Mutants Have Distinct Biological Activities
To systematically evaluate how PBD sequence potentially contributes to K-Ras function, we performed large-scale reverse phase protein array (RPPA). Each K-RasG12V PBD point mutant when transiently expressed at equivalent levels ( Figure S6C ) generated a significantly different global phosphorylation map ( Figures 6A, S6A , and S6B). The results show that the actual sequence of the PBD determines signal output, concordant with distinct lipid-binding specificities determining PM localization and nanoclustering. To specifically examine MAPK and PI3K-AKT signaling, MDCK cells stably expressing wild-type K-Ras or K-Ras-K177Q were serum-starved and stimulated with various doses of EGF for 5 min. Cells expressing GFP-KRas-K177Q exhibited reduced MEK activation, but markedly elevated Akt phosphorylation, in response to EGFR activation compared to cells expressing GFP-K-Ras ( Figures 6B-6D ). These data are consistent with the spatial and imaging data showing that nanoclusters of GFP-K-Ras-K177Q are enriched in PIP 2 , the lipid substrate for PI3K, and together illustrate that changes in K-Ras nanocluster lipid composition also have important attendant consequences for signal output.
DISCUSSION
We used quantitative spatial imaging analyses and atomistic molecular dynamics to systematically examine the mechanism of association of the K-Ras bi-partite PBD-prenyl membrane anchor with the PM. Traditionally, PBDs have been thought to interact with PM exclusively via electrostatics where the total number of basic residues determines the strength of electrostatic association with anionic lipids. However, we show here that the molecular mechanism of K-Ras PM binding is considerably more complex. Rather, the precise PBD amino acid sequence acting with the prenyl group comprises a combinatorial code for lipid sorting. This code translates into dynamic tertiary structures on the PM that exhibit exquisite binding specificity for defined anionic phospholipids. An important consequence is the ability of such anchors to sort or retain specific subsets of phospholipids into nanoclusters with a defined lipid composition that in turn determine K-Ras signaling output.
Several lines of evidence show that lipid interactions of the PBD are not simply governed by charge. PBDs of six arginines or lysines have the same net positive charge, yet K-Ras-6R is (McLaughlin et al., 2002) . In support of this concept, PM binding of K-Ras-K177Q and K178Q was restored when the PIP 2 content of the inner PM was increased by exogenous PIP 2 . The ability of the K-Ras lipid anchor and its mutants to sample ordered and semi-ordered conformations in addition to an extended conformation is reminiscent of intrinsically disordered proteins (IDPs) (Granata et al., 2015) . Just as in IDPs high hydrogen bonding potential are highlighted in licorice. A portion of one leaflet of the bilayer is shown in transparent slab with the membrane-penetrating farnesyl or GG moieties sticking out. Color code: tK-WT (red), tK-K177Q (green), tK-K178Q (blue), 181-Phos (orange), and tK-GG (gray); licorice presentation: carbon (yellow), nitrogen (blue), and oxygen (red). See also Figure S4 . (Granata et al., 2015) , the global free energy minimum of the K-Ras anchor is populated by the extended conformation but it also adopts partial order. The latter is shared by most IDPs, which either harbor ordered segments or undergo disorder to order transition upon binding to a reaction partner (Granata et al., 2015) . Indeed, the ability to easily transition between order and disorder may be functionally relevant. For example, the myristoylated polybasic peptide MARCKS, which closely resembles the K-Ras anchor, is largely extended on membrane (Ellena et al., 2003) but adopts an a-helical conformation upon binding to calmodulin (Yamauchi et al., 2003) . Quantification of the different anchor variants further showed that PtdSer clustering around the anchor was not merely a function of electrostatic interactions; thus replacing C15-farnesyl by the longer C20-geranylgeranyl, a substitution that does not affect charge distribution, nearly abolished the specificity for PtdSer clustering. The C15 to C20 switch induced markedly different conformational dynamics of the anchor peptide because the longer prenyl-chain length increased vdW interactions with bilayer lipids but concurrently decreased hydrogen bonding with PtdSer head groups at the interface. The EM data also showed that K-RasG12V-GG exhibited less selectivity for different anionic membrane lipids than farnesylated K-RasG12V perhaps reflecting reduced head group interactions. In sum, K-Ras interactions with membrane lipids are not simply governed by electrostatics. The precise sequence of the PBD and prenyl group together determine the conformational dynamics of the anchor, the residues participating in membrane binding, and hence which anionic lipid interactions are favored. Subtle changes in PBD sequence, even single K / Q or K / R substitutions, as well as phosphorylation therefore have substantial effects on structural dynamics and hence lipid interactions. The Ras G-domain also participates in PM binding, engaging differently in GTP-bound and GDP-bound conformations and concomitantly modulating interactions of the anchor with the PM (Abankwa et al., 2010; Weise et al., 2011) . Concordantly, whereas the lipid preferences of GTP-bound K-RasG12V and the minimal membrane anchor anchoring tK are similar, those of GDP-bound K-Ras are quite different, consistent also with the lateral segregation of K-Ras.GTP and K-Ras.GDP into different nanoclusters.
In the complex environment of the PM, the K-RasG12V anchor exhibits remarkable specificity for distinct subclasses of PtdSer, preferentially assembling asymmetric PtdSer into nanoclusters. K-RasG12V does not interact with fully saturated PtdSer at all, whereas mono-and di-unsaturated PtdSer can support K-RasG12V PM binding but cannot be assembled into nanoclusters. We propose that these differences reflect the lateral availability of PtdSer in the PM. Fully saturated PtdSer is likely retained in cholesterol-rich complexes more extensively than asymmetric PtdSer (Bach et al., 1992; Maekawa and Fairn, 2015) concordant with the demonstration of a cholesterol-sensitive pool of PtdSer that does not interact with K-RasG12V (Cho et al., 2015) . Moreover, membranes composed of asymmetric PtdSer sustain less perturbation when undergoing electrostatic interactions with external components than fully saturated PtdSer (Blois et al., 2006; Broniec et al., 2007) . These biophysical properties may account for the preferential sorting of asymmetric PtdSer into K-RasG12V nanoclusters. These results also illustrate the functional importance of nanoclusters, because only asymmetric PtdSer was able to fully restore K-RasG12V interactions with CRAF in PtdSer-depleted cells.
Most importantly, the distinct lipid binding specificity of each K-RasG12V PBD mutant translated into different extents of PM localization and nanoclustering and resulted in nanoclusters with different lipid compositions. The integrated effects of these differences was a unique signaling profile for each mutant, indicating a critical role for anchor lipid binding specificity in governing effector recruitment, activation, and hence K-RasG12V signal output (Zhou et al., 2014 . Our findings have broader implications in understanding the function of the lipid-binding domains of other PM-binding proteins. Certain lipid-binding domains (e.g., C2 and PH/PX domains) have long been known to possess defined structures and bind to specific lipids with high affinity. By contrast, many small GTPases have membrane anchors analogous to K-Ras comprising a PBD of lysine and arginine residues operating in conjunction with a prenyl lipid. Our results here suggest that each of these anchors, by virtue of their different primary sequences, will exhibit a distinct secondary structure on the PM and hence have the capacity to selectively interact with and sort different cohorts of anionic lipids with attendant consequences for function. We thus need to re-evaluate the types of protein structure that can encode lipid-binding specificity.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: To generate stable cell lines 4x10 5 MDCK cells were seeded in a 3.5 cm dish on day 1. When the cell confluency reached $95% on day 2, 4 mg plasmid DNA with pEF6 promoter was mixed with 10 mL Lipofectamine 2000 for 20 min and then added to cells. After overnight incubation, plasmid DNA / lipofectamine 2000 mixture was aspirated off and switched to complete medium (DMEM with 10% FBS). Antibiotic blasticidin at 10 mg/ml was used for selection. MDCK cells were then passaged 3-4 times before serial dilution, where cells were diluted to $5-7 cells/ml and 100 mL of diluted cell suspension was added to each well in a 96-well plate. Typically three 96-well plates were used for each cell line. At least 8 colonies were picked after $2 weeks of growing in 96-well plates with the aid of a wide-field fluorescence microscope. Each colony was seeded in a 3.5 cm dish with glass bottom for confocal imaging. Cell lines expressing uniform level of GFP-tagged proteins were picked. Typically, steps between serial dilution and confocal imaging were repeated 2-3 times to obtain the best monoclonal colony with the optimal and uniform expression of GFP-tagged proteins.
For transient expression BHK cells were seeded at a density of $1.4x10 6 cells/ml in 3.5 cm dishes on day 1. On day 2, 0.8 mg of plasmid DNA construct(s) of interest (incorporated in a vector containing CMV promoter) was mixed with 7 mL of lipofectamine (2 mg/ml) in 1 ml of Opti-MEM. After incubation of 20 min in a 5 ml polystyrene tube, the mix was carefully pipetted into a 3.5 cm dish containing cells. Lipofectamine, cDNA and Opti-MEM mix was aspirated off after 5 hr incubation, which was then followed by overnight incubation with DMEM medium containing 10% BCS.
METHOD DETAILS EM-Spatial Mapping to Quantify the Extent of Nanoclustering and Co-localization of Proteins and Lipids on the Plasma Membrane (a) Univariate K-Function Analysis to Examine the Spatial Distribution of a Single Species on the Plasma Membrane
This methodology quantifies the extent of lateral spatial segregation of proteins or lipids in the inner leaflet of cell plasma membrane (Prior et al., 2003a (Prior et al., , 2003b . BHK cells were seeded on glass coverslips with a density of approximately 1.4x10 5 cells/ml of medium on day 1, transiently transfected with a GFP-tagged protein/peptide of interest on day 2. Approximately 18 hr after transfection (on day 3) and any experimental treatment, cells were washed twice with PBS at room temperature. Two copper EM grids, which are pre-coated with pioloform and poly-L-lysine, were placed on top of the cells with the coated surface in contact with the cells. Apical plasma membrane (PM) was attached to the EM grids by pressing down on the grids with a large rubber bung. This was followed by pipetting $100 mL potassium acetate (KOAc) buffer (115 mM KOAc, 5 mM MgCl 2 and 25 mM HEPES at pH7.4) onto the glass coverslip. Surface pressure of the buffer solution lifts the grids off the glass coverslip, bringing attached apical PM. The EM copper grids were then sequentially positioned on bubbles of 50 mL fixative agents (4% paraformaldehyde and 0.1% glutaraldehyde dissolved in KOAc buffer, 10 min), 100 mL PBS (5 min), 3 sequential 100 mL quenching solution (20 mM glycine, 5 min each time), 100 mL blocking solution (0.2% fish skin gelatin and 0.2% BSA in PBS, 20 min). Fixed PM sheets attached to the EM grids were then immunogold-labeled by incubating with 10.5 mL of gold antibody solution (4.5 nm gold conjugated to anti-GFP antibody) for 30 min before being placed on 5 sequential 100 mL bubbles of blocking solution (5 min each time) and then 5 sequential 100 mL bubbles of deionized water. EM grids were then placed on 100 mL bubbles of negative staining solution (0.3% uranyl acetate dissolved in 2% methyl cellulose) for 9 min. An EM grid loop was used to scoop the grid up from the staining solution, with excess uranyl acetate being blotted off using filter paper. The EM grids were then left on the loops overnight to dry before imaging. Intact and featureless PM sheets were imaged using a JEOL JEM-1400 transmission EM at 100,000X magnification. ImageJ was used to assign x and y coordinates to gold particles in a 1-mm 2 area of interest on a PM sheet. We use Ripley's K-function to quantify the gold particle distribution and the extent of nanoclustering (Equations A and B):
where K(r) is the univariate K-function for a distribution of n points in an area A; r = length scale with the range of 1 < r < 240 nm at 1-nm increments; jj $ jj is Euclidean distance; 1($) is the indicator function with a value of 1 if jjx i -x j jj % r and a value of 0 otherwise; and w ij -1 is the proportion of the circumference of the circle with center x i and radius jjx i -x j jj contained within the selected PM area A (we include as an unbiased edge correction for points at the edge of the study area).
L(r) -r is a linear transformation of K(r).
Here L(r) -r is normalized on the 99% confidence interval (99% C.I.) estimated from Monte Carlo simulations. Under the null hypothesis of complete spatial randomness L(r) -r has an expected value of 0 for all values of r. Positive deviations of the function outside of the confidence interval therefore indicate significant clustering. The maximum value of the L(r) -r function is an excellent summary statistic that correlates with the extent of clustering (Plowman et al., 2005) . For each condition in this study, at least 15 PM sheets were imaged, analyzed and the data pooled. Data S1 includes a custom algorithm to calculate the univariate K-function.
Bootstrap tests were used to evaluate differences between replicated point patterns. For this purpose we use the statistic D: The bivariate K-function analyzes co-clustering / co-localization of two populations of proteins / peptides on the PM inner leaflet. BHK cells were seeded on glass coverslips with a density of $1.4x10
5 cells/ml of medium on day 1, transiently co-transfected with GFPand RFP-tagged proteins/peptides of interest on day 2. Approximately 18 hr after transfection (on day 3) and any experimental treatments, PM sheets were prepared and fixed exactly as described in the previous section. Fixed PM sheets attached to the EM grids were then immuogold-labeled by incubating with 10.5 mL of gold solution (6 nm gold conjugated to anti-GFP antibody) for 30 min, followed by incubation on a 100 mL bubble of blocking solution (5 min) and then 10.5 mL of gold solution containing 2 nm gold conjugated to anti-RFP antibody (30 min). EM grids were then positioned on 5 sequential 100 mL bubbles of blocking solution (5 min each time) and then 5 sequential 100 mL bubbles of deionized water. EM grids were then placed on 100 mL bubbles of negative staining solution (0.3% uranyl acetate dissolved in 2% methyl cellulose) for 9 min. An EM grid loop was used to scoop the grid up from the staining solution, with excess uranyl acetate being blotted off using filter paper. The EM grids were then left on the loops overnight to dry before imaging. Intact PM sheets were imaged using a JEOL JEM-1400 transmission EM and ImageJ used to assign x and y coordinates to each separate population of gold particles in a 1-mm 2 area of interest on a PM sheet. Gold particle co-localization was analyzed using bivariate K-functions. (Equations D-G):
where the bivariate estimator, K biv (r), contains two individual bivariate K-functions: K bs (r) calculates the distribution of the big gold particles with respect to each small gold particle whereas K sb (r) computes the distribution of the small gold particles with respect to each big gold particle. A PM sheet area A contains n b , number of 6-nm gold particles (b = big gold) and n s , number of 2-nm small gold particles (s = small gold). Other notations are the same as in Equations A and B. L biv (r)-r is a linear transformation of K biv (r), and we normalize L biv (r)-r against the 95% confidence interval (95% C.I.) estimated from Monte Carlo simulations. Data S1 includes custom algorithms to calculate the bivariate K-function and an estimate of the 95% CI. Under the null hypothesis of no spatial interaction between the two point patterns L biv (r)-r has an expected value of 0 for all values of r. Positive deviations of the L biv (r)-r function outside of the confidence interval indicate significant co-clustering of the two gold populations. A useful summary statistic to quantify the extent of co-clustering is the area-under-the-L biv (r)-r curve over a fixed range 10 < r < 110 nm which we term the bivariate L biv (r)-r integrated, or LBI parameter formally defined as:
Std L biv ðrÞ À r: dr:
For each condition, at least 15 PM sheets were imaged, analyzed and pooled. LBI values < 100 (the 95% C.I.) indicate no significant co-clustering. Although the pooled LBI data are shown as conventional mean ± SEM the LBI parameter is not normally distributed. Therefore the statistical significance of differences between the replicated bivariate point patterns was evaluated in bootstrap tests constructed exactly as described above in Equation C.
Western Blotting to Determine the Activities of the MAPK and PI3K Pathways in Cells MDCK cells stably expressing K-Ras, K-Ras-K177Q or K-Ras-K178Q were grown to confluence. Cells were serum starved overnight, stimulated with EGF for 5 min, and then harvested. Cells were washed twice with ice cold PBS followed by a 5 minincubation on ice in 100 mL lysis buffer containing 1% NP40, 50 mM Tris (pH 7.5), 25 mM NaF, 75 mM NaCl, 5 mM MgCl 2 , 5 mM EGTA, 0.5 mg/ml aproptinin, 0.1 mM Na 3 VO 4 , 3 mg/ml Leupeptin, 1 mM DTT. Cell lysate was collected into Eppendorf tubes and centrifuged at 1000 RPM at 4 C for 5 min. Supernatant was collected and concentration of total protein was measured. 20 mg of total protein was mixed with sample buffer containing 1 mM Tris (pH6.8), 20 mg/ml SDS, 10% glycerol, 0.5 mg/ml bromophenol blue dye and 15.4 mg/ml DTT. Samples were heated at 95 C for 5 min before being resolved by electrophoresis in a 10% SDSpolyacrylamide gel. Proteins were electro-transferred to polyvinylidene difluoride (PVDF) membrane using pre-chilled transfer buffer containing 3.6 mg/ml glycine, 7.25 mg/ml Tris base, 0.46 mg/ml SDS and 20% methanol. PVDF membranes were rinsed twice with TBST (10 mM Tris (pH 7.5), 150 mM NaCl and 0.1% Tween 20), stained with Coomassie blue (2.4 mg/ml Coomassie BrilliNR Blue, 45% methanol and 10% glacial acetic acid) for 5 min and destained by three washes of 5 min each in 45% methanol and 10% glacial acetic acid. After three washes in TBST (5 min) membranes were blocked for 1 hr in 3% BSA dissolved in TBST for phospho-antibodies or 5% skim milk in TBST for other proteins. Primary antibody labeling was conducted via overnight incubation of the PVDF membrane in blocking solution (TBST with 3% BSA or 5% skim milk) containing primary antibody: a-pERK at 1/3000 dilution, a-pMEK, a-pAkt and a-actin at 1/1000 dilution. The PVDF membrane was then washed three times with TBST (10 min each) before a 1-h incubation with secondary antibody in blocking solution containing 5% skim milk: all anti-rabbit at 1/2,000 dilution. PVDF membranes were washed three times in TBST (10 min each) before a 5 min incubation with enhanced chemiluminescence (ECL) solution: 2 ml SuperSignal West Pico stable peroxide solution and 2 ml SuperSignal West Dura stable peroxide solution. At least 3 independent experiments were conducted. Data are shown as mean ± SEM. Statistical significance was evaluated using one-way ANOVA with * indicating p < 0.05.
FLIM-FRET Imaging to Visualize and Quantify the Extent of Aggregation / Co-localization of Proteins and Lipids on the Plasma Membrane Approximately 2x10
5 BHK cells were seeded on glass coverslips in 6-well plates on day 1 and transiently transfected with plasmids of GFP-tagged protein alone or co-transfected with combination of plasmids of GFP-and RFP-tagged proteins of interest on day 2. After any treatment, BHK cells were washed twice with PBS at room temperature and then incubated in 4% paraformaldehyde for 30 min in the dark at room temperature. Cells were then washed twice with PBS and quenched in 50 mM NH 4 Cl for 10 min, which was followed by 4 times PBS wash and 4 times deionized water wash before being mounted on glass slides using 10.5 mL Mowiol (polyvinyl alcohol 4-88 mounting solution at 10%). Mounted coverslips were then sealed and dried at 37 C for 1 hr before imaging. Fixed and intact BHK cells were imaged using a 60X Plan-Apo/1.40 numerical aperture oil-immersion lens on a Nikon wide-field microscope. Fluorescence lifetime of either GFP or TopFluor-PtdSer was measured using a Lambert Instrument Fluorescence lifetime imaging attachment mounted to the Nikon microscope. FRET efficiency was calculated using Equation I:
where FL D is fluorescence lifetime of GFP in cells expressing GFP-tagged proteins alone (donor only), FL D/A is fluorescence lifetime of GFP in cells co-expressing GFP-tagged and RFP-tagged proteins (donor-acceptor pair). At least 50 cells were imaged in each condition. Data are shown as mean ± SEM with * indicating statistical significance, p < 0.05 evaluated by one-way ANOVA.
Confocal Imaging to Visualize the Intracellular Localization of K-Ras PBD Mutants in Cells
MDCK cells stably expressing indicated mGFP-K-RasG12V PBD mutants were grown to continuous monolayer on glass coverslips, washed twice with PBS at room temperature and fixed with 4% PFA as per the same fixation protocol in the FLIM section above and imaged using a 60X Apo TIRF/1.49 NA oil-immersion lens on a Nikon A1R confocal microscope under a 488 nm diode laser at 20 mW.
To quantitate K-Ras mislocalization from the PM the intensity of mGFP pixels in multiple lines scans across the cells were measured using a custom ImageJ algorithm (ver. 2.0). The distribution of mGFP pixel intensities was divided into cytosolic and PM fractions, which were in turn used to calculate the fraction of cytosolic K-RasG12V.
Classical Molecular Dynamics Simulation to Solve the Structures of K-Ras Anchors
We performed atomistic molecular dynamics (MD) simulations on five tK-variants: tK-WT, tK-K177Q, tK-K178Q, phosphorylated tK at S181 (181-Phos) and geranylgeranylated tK (tK-GG). Initial structures for K177Q and K178Q and 181-Phos were derived from the WT tK previously simulated in a POPC/POPG bilayer (Janosi and Gorfe, 2010) , where there were four peptides in the simulation box to increase sampling. System construction involved replacing POPG to POPS (Prakash et al., 2016) , mutating relevant residues to Q, adding phosphate to Ser181, or replacing farnesyl at position 185 by geranylgeranyl. Parameters of GG were derived from those of farnesyl described in Prakash et al. (2016) . The bilayer was symmetric and consisted of 104 POPC/POPS lipids and two peptides per leaflet in a simulation of box 110x65x95 Å 3 containing TIP3P water molecules and neutralizing sodium ions. The total number of atoms in each system was 650,000.
Each peptide-bilayer-water system was energy minimized for 2000 steps with lipid and protein heavy atoms fixed and equilibrated for 200 ps with the lipid phosphate atoms and protein heavy atoms harmonically restrained with a force constant k = 4 kcal/mol/Å 2 , followed by four 100 ps equilibration steps with a gradually decreasing restraint (k scaled by 0.75, 0.50. 0.25 and 0). The time step used during equilibration was 1 fs. The equilibrated system was simulated with a 2 fs time step using SHAKE to restrain all bonds involving hydrogen atoms and coordinates were saved every 10 ps for analysis. We used particle mesh Ewald (PME) electrostatics and 12 Å and 14 Å cutoffs for non-bonded interactions and pair-list updates, respectively. The NPT ensemble was used, with constant pressure of 1 bar maintained by the Nose-Hoover Langevin piston method and temperature of 310 K controlled by the Langevin thermostat method. The force field was CHARMM27 (MacKerell et al., 1998) for proteins and CHARMM36 for lipids (Klauda et al., 2010) . Simulations were conducted with the NAMD2.9 program (Phillips et al., 2005) for 1 ms.
The trajectories were used to examine equilibrium and time-dependent properties of the peptides and the bilayer after excluding the initial 100 ns that was considered an equilibration phase. Our analysis involved standard measures such as root mean square deviation (RMSD), radius of gyration and number of hydrogen bonds as well as less common ones such as relative free energy profile. For analysis of peptide structure and energetics in a statistically significant manner a single large trajectory was derived by concatenating the trajectory of each peptide within a simulation box, which yielded an aggregate simulation time of 4 ms per sequence. For tK-WT, we also analyzed trajectories (aggregate length 4 ms) extracted from previous simulations of full-length K-Ras in the same bilayer system (Prakash et al., 2016) . Classification of the structure into ordered (O), disordered (D) and intermediate (I) groupings was achieved by analyzing the probability distribution of the RMSD of residues 177-182. Where applicable, the probability was converted to a free energy profile through DG = -RTln(p), where p is the population density, R is the gas constant, T = 310K is temperature. 2D radial pair distribution function (g 2d (r)) was used to evaluate the distribution of lipid head group oxygen atoms around nitrogen of Lys and oxygen of Ser/Thr side chains. To avoid effects from membrane undulation, the g 2d (r) was computed using a relatively short segment of the simulations (the last 500 ns). All of the analyses and visualization were conducted with the program VMD (Humphrey et al., 1996) and VMD-compatible in-house tcl scripts.
Metadynamics Simulations to Calculate the Conformational Transitions of K-Ras Anchors
The enhanced sampling method metadynamics (metaMD) was used to sample conformational transitions of tK and its variants bound to model membrane. MetaMD applies a time-dependent biasing potential along a set of collective variables (CVs) by adding Gaussians to the total potential in order to overcome barriers larger than kT (Barducci et al., 2011; Laio and Parrinello, 2002) . The bias potential V meta (x(t)) is given by:
where w is a constant with the dimension of energy, x k (t) is the value of the k th CV at time t, and x k (t 0 ) is its value at the previous time t 0 .
dx is a user-defined half-width of the Gaussian along the direction of the CV, and N CV is the number of CVs used. The choice of CV is extremely important. A good CV must be able to distinguish between the initial and final states while describing all relevant intermediate states. In the current work, we used a detailed analysis of a combined 8 ms unbiased cMD data ( Figures 4A and S4 ) and a series of trial and error experimentations to arrive at two CVs: the Ca-atom RMSD of residues 177-182 from a helical reference structure (CV1) and the end-to-end distance involving the Ca atom of residues 176 and 184 (CV2). Before settling on these CVs, we conducted both regular and well-tempered metaMD with RMSD as a reaction coordinate, applied to the wild-type tK bound to membrane. We found that even after a microsecond or longer run the free energy surface (FES) did not become flat and the dynamics did not become diffusive. One reason could be the fact that conformers with different global shape can have the same RMSD. Another potential reason is that the coupled dynamics of the bilayer and peptide may not be effectively captured by the peptide's RMSD alone. The challenge of convergence of metaMD is well known, especially when applied to systems such as the adsorption of peptides on organic or bilayer surfaces (Deighan and Pfaendtner, 2013) and sampling of conformational dynamics of a peptide bound to membrane bilayer (Cui et al., 2011) . The use of more than one CV often helps to cross barriers and achieve convergence. In our search for a second CV, we tested a number of parameters including the radius of gyration, number of peptide-lipid hydrogen bonds, and helicity. Some of these, particularly radius of gyration, appeared to be working. However, we noticed that the curled or ordered form of our peptide differs in its capacity to form hydrogen bonds with bilayer lipids when compared with the extended conformation ( Figure 4C ). We therefore reasoned that an end-to-end distance might be able to effectively capture both the dynamics of the peptide and its interaction with lipids.
All metaMD simulations were performed using the COLVARS module in NAMD (Fiorin et al., 2013) . The lower and upper bounds of CV1 were set to 0 and 4.2 Å , and those of CV2 were set to 7 and 23 Å ; these ranges were based on analysis of our unbiased cMD data (Figures 4 and S4) . A repulsive wall with a force constant of 1000 kcal/mol was applied at the upper boundaries. For each system, a single peptide (tK or its variants) was embedded in a relatively small symmetric bilayer of 104 lipids (80 POPC and 24 POPS), solvated in a box of $60 3 60 3 90 Å 3 containing charge-neutralizing Na + and Cl -ions. The total system size ranged from 31,000 to 33,000 atoms. The system was equilibrated for 0.5-1 ns under NPT ensemble using the protocol used in our cMD runs (i.e., PME electrostatics, and 12 Å and 14 Å cutoffs for non-bonded interactions and pair-list updates). After this equilibration phase, we switched to NVT and ran metaMD using a hill height of 0.5 kcal/mol and a 0.02 Gaussian width for both CV1 and CV2, with the frequency of deposition of Gaussians being every 1 ps. The total metaMD lengths ranged from 1.2 ms to 1.6 ms, with the actual duration being determined by the extent of convergence monitored as described below. The PMF was written out every 10 ns. Convergence of metaMD depends on the number of transition events between states and sampling of all physically interesting regions of the CV. Convergence can be evaluated in different ways including by monitoring the stability of free-energy differences between different states (Deighan and Pfaendtner, 2013; Limongelli et al., 2013) . Following these previous reports, we checked convergence by (1) calculating the free-energy difference, DG D-O , between the two lowest free-energy basins representing the disordered (D) and ordered (O) states and (2) comparison with our unbiased cMD for WT tK. The latter indicated that the 2D PMFs of tK derived from metaMD and cMD share remarkable similarity ( Figure S4C ). The cMD FES reveals three minima at RMSD values of about 0.5 Å , between 1 and 1.5 Å and > 2.0 Å , each of which are also found in the FES obtained from metaMD. The former entailed deriving a 1D PMF along the CV1 or CV2 from the 2D FES using the relation:
where F(s) is the value of the free energy (PMF) at s, T is temperature in Kelvin and b is the Boltzmann's constant. Figure S4B plots DG D-O along RMSD for the five metaMD simulations. In each case, the DG D-O changed little over at least a 300 ns time period at the end of the simulations. Taken together, we believe our metaMD runs are sufficiently converged to yield reliable conformational energy landscapes.
Comparison of the final free energy surfaces shown in Figure S4C indicate that, relative to the wild-type peptide, 181-Phos and tK-GG strongly favor the D state whereas the Q mutations at positions 177 and 178 shift the equilibrium toward the ordered or semi-ordered states, consistent with the cMD results. Note that the simulations discussed above were all started from a D conformation. Test simulations on Phos-181 and tK-GG started from an O conformation led to a very fast transition to the D state (within 100 ns). This provides additional support to our conclusion that these two peptides favor the disordered conformation.
Reverse Phase Protein Array (RPPA) to Quantify Effects of Polybasic Domain Mutations on Signal Output BHK cells were transiently transfected with GFP-tagged K-RasG12V or K-RasG12V PBD single point mutants (K175Q, K176Q, K177Q, K178Q, K179Q or K180Q). Whole cell lysates containing 40 mg of total proteins were collected after over-night serum-starvation. The Reverse Phase Protein Array (RPPA) was conducted by the RPPA Core Facility at the M. D. Anderson Cancer Center (Houston, Texas, USA) according to their published protocols using 297 validated antibodies to quantify protein levels. Relative protein levels for each sample were determined by interpolation from the standard curve of each antibody and normalized for protein loading. Raw values were then converted to Log2 values and shown as a heatmap, which is centered at 50 percentile (white) and with a range of À0.3 (blue) and 0.3 (red). We show data for 60 phospho-proteins in the heat-maps in main Figure 6 and 274 proteins in Figure S6 . Hierarchal clustering of the larger dataset in Figure S6 was using Pearson Correlation and a center metric, which is visualized in TreeView.
Lipidomics to Monitor the Extent of Acyl Chain Modification of Exogenous PtdSer Species after Uptake by BHK Cells
Synthesized or extracted PtdSer species were purchased from Avanti Polar Lipids as solution dissolved in chloroform at 5 mg/ml and stored at À20 C under N 2 . On the day before experiment, appropriate amount of lipid/chloroform solution was transferred to a 20 ml glass vial using a glass Hamilton syringe. Cholorform was evaporated via purging of N 2 . The glass vial containing a PtdSer lipid film then placed in a vacuum desiccator overnight to eliminate the residue chloroform. On the day of supplementation experiment, appropriate amount of medium containing full serum was added to the dried lipid film in the glass vial, which was then sonicated for 20 min using a bath sonicator before supplementation.
BHK cells were treated with 10 mM fendiline for 24 hr before 1 hr incubation with various 10 mM exogenous PtdSer species. Cells were then trypsinized using 1X trypsin-EDTA and washed twice with ice-cold PBS. Cells were resuspended in PBS and cell number was counted using a Countess automated cell counter (Invitrogen). Final concentration was 450,000 cells / 300 mL PBS for all samples, which were frozen at À80 C and shipped to Lipotype GmbH, Germany, for detailed lipidomics analysis. Three independent experiments were performed and analyzed. Data are shown as mean ± SEM in Figure S2G . Statistical significance between different lipid supplementation was evaluated using one-way ANOVA, with * indicating p < 0.05.
QUANTIFICATION AND STATISTICAL ANALYSIS
Two main statistical analyses were used. Bootstrap tests as described above were used to examine for statistical differences between replicated point patterns in the EM univariate and bivariate K-function analyses. One-way ANOVA was used for other datasets. The analysis used and the p values are indicated in the figure legends.
DATA AND SOFTWARE AVAILABILITY
Algorithms to calculate univariate and bivariate K-functions, and an ImageJ algorithm to estimate mislocalization of K-Ras from the plasma membrane are supplied in Data S1. GFP-LactC2 PM localization was evaluated as gold particle labeling density after anti-GFP immuno-gold labeling conducted as in Figure 1 . Identical PtdSer add-back experiments were conducted in Etn-starved PSA3 cells expressing GFP-K-RasG12V. GFP-K-RasG12V PM localization (E) and nanoclustering (F) were analyzed using univariate K-function (n R 15 for each condition) after anti-GFP immunogold labeling of PM sheets, again as in Figure 1 . Results are shown as means ± SEM. Statistical significance of differences was evaluated using one-way ANOVA for PM localization and in bootstrap tests for nanoclustering (*p < 0.05). (G) BHK cells co-expressing GFP-K-RasG12V and RFP-CRAF were treated with vehicle (DMSO) or 10 mM fendiline for 24 hr before 1 hr incubation with exogenous PtdSer. Cells were imaged in a wide-field FLIM microscope to measure GFP fluorescence lifetime. FRET efficiencies between GFP-K-RasG12V and RFP-CRAF were calculated. Approximately 60 cells were imaged for each condition. Statistical significance was evaluated by one-way ANOVA (*p < 0.05). (H) Potential lipid acyl chain remodeling of exogenous PtdSer lipids was evaluated using lipidomics. BHK cells were treated with 10 mM fendiline for 48 hr, which compromises endolysomal function to extensively redistribute PtdSer away from the PM and modestly reduce total PtdSer levels (Cho et al., 2015; Zhou et al., 2014) and then incubated for 1 hr with various exogenous PtdSer species before harvesting and freezing at À80 C. Whole cell extracts were comprehensively analyzed for each PtdSer species by quantitative mass spectrometry. Three independent experiments were performed and results are mean ± SEM. PtdSer was abbreviated as PS in plots.
(legend on next page) Figure S3 . Spatial Analysis of K-RasG12V PBD Mutants, Related to Figures 1 and 2 Figure S4 . Energy Landscapes, Related to Figure 4 (A) Top: the probability distribution of C a atom RMSD (residues 177-182) from cMD of the isolated WT tK plus data extracted from cMD of full-length K-Ras from (Prakash et al., 2016 ) (8 ms total simulation time); Bottom: PMF along RMSD obtained by Boltzmann inversion of the probability distribution. For reference, the PMF from only the 4 ms cMD data of the isolated WT tK is shown in red. (B) Convergence of metaMD based on the free energy difference between the two lowest energy basins: the disordered state D and ordered state O (DG O-D ). The 1D PMF as a function of RMSD used for these calculations was obtained from reweighting the 2D metaMD PMF profiles shown in (C, last five panels). Shown in the first panel of (C) is a 2D PMF from the histogram of RMSD versus distance between C a atoms of residues 176 and 184 derived from the cMD data described in (A). Color code in (B): WT tK (red), tK-K177Q (green), tK-K178Q (blue), 181-Phos (orange) and tK-GG (gray). (A) BHK cells transiently transfected with different GFP-K-RasG12V PBD mutants were serum-starved overnight before harvesting. Whole-cell lysates were analyzed using reversed phase protein arrays. Protein levels were calculated using internal standard curves and normalized linear values were transformed into Log2-based values shown. Three independent experiments were conducted. The heatmap shows data from individual experiments (A) and a bar chart showing mean log2 fold changes ± SEM is shown in (B). The data in main Figure 6 show changes in phosphorylated-proteins only, this figure shows all protein levels assayed. Hierarchal clustering of changes in protein levels was carried out using Pearson Correlation and a center metric, which is visualized in TreeView. (C) Expression levels of GFP-K-RasG12V PBD mutants in BHK cells used for RPPA assays were quantified using western blotting.
